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Abstract

Analytical ultracentrifugation (AUC) is applied to the characterization of as-dispersed graphene nanoplatelet
dispersions and differential sedimentation separated daughter dispersions. The liquid-phase characterization of
AUC is demonstrated to resolve both the broad sedimentation coefficient distributions of as-dispersed samples,
and changes in daughter dispersions determined by a protocol of applied differential sedimentation process steps.
Comparison is made to measurements on deposited samples by scanning electron microscopy (SEM) and atomic
force microscopy (AFM). The value of AUC to rapidly monitor changes in the sedimentation distribution of each

particle population is demonstrated to allow tailoring of the differential sedimentation protocol to produce
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significantly narrower population distributions. This rapid characterization is particularly important for

technologies in which dispersed nanoparticles cannot be removed from a solvent solution for microscopy analysis.

Introduction

Two-dimensional materials (2D materials), such as graphene, MoS,, WS, and MXenes, are expected to
impact a wide variety of applications. These include a broad range of thin film applications such as semiconductor
electronics, barrier films, separation membranes, and sensor devices,[1] but also bulk material applications
requiring incorporation into meso- and macroscale composite materials. To enable assembly or incorporation of
2D materials into films or composites, liquid-phase dispersion[2, 3] is commonly utilized, and often necessary for
achieving desired properties. The typical goal to liquid-phase dispersion is to exfoliate a multilayer or bulk sample,
generating individualized single or few layer sheets of the 2D material within a solvent or resin fluid matrix. Such
dispersions are coated on, blended with other components, or processed to generate an integrated composite,
achieving generally greater specific properties from the reduced dimension of the exfoliated material.
Incorporating liquid-phase processing, however, can be non-trivial.[4, 5] Intrinsic 2D material properties,[6] 2D
sheet-level transport phenomena, and fluid properties all depend on the degree of dispersion, the size distribution
of the individualized nanoplatelets, and the matrix-influenced liquid-phase interactions between nanoplatelets.[7-
]

Selecting a process for generating individualized and few layer sheets of a 2D material in a liquid-phase
dispersion depends on the details of the 2D material synthesis method and chemistry, as well as generally
involving considerations of solvent composition, whether to use a dispersant and if so the type, and the desired
mass throughput scale of the process.[10] Excluding small throughput processes in which a sub-monolayer of
flakes are delaminated from their synthetic support,[3, 11] most dispersion procedures require the input of
significant amounts of energy, whether by ball milling, high-shear mixing, or sonication to delaminate individual
sheets from multilayer macro or mesoscale powders of the 2D material.[12] These processes are collectively
described as liquid-phase exfoliation (LPE), and are known to simultaneously reduce the average flake size and
increase polydispersity,[13, 14] especially when the energy input is chosen to maximize mass yield. Notably,
conditions that result in an optimal mass yield or other desired dispersion characteristics may not result in a useful,
as-produced distribution of dispersed 2D materials, and thus post-dispersion processing is an area of increasing
interest.

For many nanoparticle dispersions,[15] and 2D nanomaterials in particular,[16-21] differential
sedimentation (DS) is a primary methodology to affect the distribution of particle compositions and sizes in a

dispersion and to remove impurity components. In its simplest implementation, DS involves a single stage of



centrifugation of an initially uniform liquid dispersion and separate recovery of the resulting supernatant (liquid)
and pellet (solids) phases.[22] In the absence of significant liquid convection during the process, the pellet phase
will accumulate a greater fraction of those components of the dispersion that sediment faster (i.e., those
components with a larger sedimentation coefficient) than the average rate. In mass ratio the pellet phase will thus
be relatively enriched in the faster sedimenting components and the supernatant relatively enriched in slower
sedimenting components. As sedimentation speed is related to particle size, aspect ratio, and density, an
optimized process can remove aggregates and/or dense impurities or fractionate by particle size. From these
daughter populations, additional centrifugation steps can subsequently be applied to preferentially fractionate
smaller (larger) components by increasing (decreasing) the time or strength of applied acceleration in a multi-
stage cascade. As a methodology, DS is popular due to its simplicity and the broad availability and scalability of
appropriate centrifuges.

Difficulties in applying DS include significant effects from variations in geometry across different rotor and
centrifuge models, and method-specific details such as the absolute liquid volume in a centrifuge tube or the
sequence design of a multi-stage cascade. DS, generally, is only able to completely separate dispersed particles
with very different sedimentation coefficients, and thus sedimentation rates, at the same applied acceleration.
The primary cause of this low resolution is that both faster and slower sedimenting particles start uniformly
distributed throughout the liquid volume, and so the distribution of particles reaching the outer radius to form
the pellet will include a fraction of slower (typically smaller) particles that had less distance to travel. Thus, even
for materials well-suited for sedimentation-based fractionation (i.e., populations with broad polydispersity in
sedimentation rates such as 2D materials), significant overlap in particle distributions collected in adjacent
cascade fractions can be expected.[22] Moreover, non-ideal sedimentation effects can make this overlap worse,
including non-ideality from particles comprising a significant volume fraction of the sample. Using a common
rotor geometry (e.g., fixed angle rotor) also frequently leads to non-ideal sedimentation due to vibrations,
interparticle interactions, wall effects, and convection. These confounding factors drive a need for empirical
optimization of a DS cascade, which in turn makes the ability to rapidly determine the size, shape, aspect ratio,
and density distribution of particles in each separated fraction highly desirable.

For many nanomaterials, including the 2D graphene material explored here, characterization of the size
or other polydisperse distribution of a fractionated population is a significant technical challenge. Typical
methodologies are based on surface analysis methods including scanning electron microscopy or atomic force
microscopy that require deposition from solution and relatively slow measurements to sample enough particles
for statistical comparison. Such measurement thus become a bottleneck in any DS protocol optimization. In this

work we utilize instead a liquid-phase characterization method, analytical ultracentrifugation (AUC),[23, 24] to



rapidly and directly measure graphene subpopulations generated through DS. Previous literature on AUC
characterization of 2D nanomaterials has investigated particle size, shape, and layer number distribution
effects.[13, 25] The most common method of AUC measurement, termed a sedimentation velocity experiment,
monitors the evolution of an initially spatially uniform concentration distribution of particles in a centrifuge cell
through either absorbance or Rayleigh interference optics (i.e., refractive index-based) as a function of radial
position during the application of a centrifugal acceleration. Time and spatially varying concentration distributions
are then fit (vide infra) to extract sedimentation coefficient distributions that, in near-ideal sedimentation
conditions such as those used in this work, reflect particle properties such as size, shape, and effective density
through known relations.[26] Additional benefits of the AUC technique include minimal absolute sample
guantities or concentrations, the ability to preferentially monitor selected components by tuning the wavelength
at which the concentration is measured by absorbance, rapid characterization times for determining an entire
distribution of particles, and relatively low operator time compared to microscopy methods.

A critical additional aspect of AUC as a characterization method for 2D nanomaterials when applied to
exfoliated dispersions is that the AUC characterization is performed with the dispersed nanoparticles in situ in
their solution environment. This is an important factor for dispersions requiring complex formulations, such as
the one used here, or for applications such as a photopolymerizable resin dispersion.[27, 28] In many instances
the 2D material may be irretrievable from the dispersion environment, irremovable without changing the
distribution or aggregation state, or without including confounding co-components of a mixture. Each of these
factors could lead to a 2D material dispersion being amenable to AUC characterization while infeasible for
microscopy method analysis.

In this contribution, we demonstrate the utility of the AUC method for enabling evaluation of processing
choices in a DS centrifugation cascade. Towards this end, we conduct a DS process on a polydisperse graphene
parent dispersion, ending and characterizing the effects of the cascade at different levels of processing. In addition
to showing the distinction in daughter samples using AUC measurements necessary for tailoring the separation,
we also demonstrate a simple processing variation to increase homogeneity of the resulting populations. This
process change, applying additional cycles of centrifugation at either the same or at reduced acceleration to the
pellet of a DS cascade, is shown to measurably reduce the polydispersity of the DS cascade-produced

subpopulations relative to the common one-step methodology.

Methods

Certain equipment, instruments, software, or materials, commercial or non-commercial, are identified in

this paper in order to specify the experimental procedure adequately. Such identification is not intended to imply
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recommendation or endorsement of any product or service by NIST, nor is it intended to imply that the materials
or equipment identified are necessarily the best available for the purpose. Except where specified otherwise,
uncertainty in this contribution is reported as one standard deviation.

Graphene dispersion parent samples were produced by directly dispersing graphene powder previously
prepared by high-shear exfoliation of bulk graphite using ethyl cellulose (Sigma-Aldrich, EC, 4 x 103 Pa.s) as a
dispersant and stabilizer[29] via sonication in ethyl lactate as a solvent. The concentration of this stock graphene
dispersion was 25 mg/mL. Additional ethyl lactate (Sigma-Aldrich, (-)-ethyl L-lactate, > 99.0 %) was used as
received for dilution operations and resuspension of pellet fractions from DS steps. The density and viscosity of
ethyl lactate at 20.00 °C were measured to be 1034.449 kg/m?3 and 2.798 mPa s, respectively, using an Anton-Paar
DMA 5000 M - Lovis 2000 ME densimeter-microviscometer.

Differential sedimentation (DS) experiments were primarily conducted in a benchtop microcentrifuge
(Thermo Scientific Sorvall Legend Micro 21) as an instrument considered representative of widely available
equipment. The instrument rotor model number was 7500 3424, which can accept 24 x 2 mL microcentrifuge
tubes. Capped microcentrifuge tubes of 1.5 mL nominal volume (various suppliers) were used for DS cascades.
The geometry of such centrifuge tubes (shorter length) reduces the applied maximum acceleration from the
instrument reading by a factor of = 15 %. Nominal accelerations from the instrument reading were (500, 1200,
2400, 5000, 8000, 12000 and 17000) x G (G = 9.81 m/s?) for steps 1 - 7. Safety note: centrifuge tubes should be
checked for chemical compatibility and speed rating before use. Schematics and additional descriptions of the
differential sedimentation schemes used in this contribution are presented in the Results and Discussion section.
The concentration of the parent graphene dispersion for DS was diluted to 2.5 mg/mL so that successful separation
of the pellet and supernatant phases could be observed visually. To increase mass throughput and enable longer
cascades of fractionation, however, the parent cascade was started with 6 replicates. The initial volume of each
aliquot before centrifugation was 1600 pL. Centrifugation time at each step was 1 h 40 min divided into two equal
parts. At the conclusion of the first time period, the centrifuge tubes were rotated 180° around their central axis
such that the outer radius and inner radius of the tube change positions; this rotation vastly reduces deposition
of the pellet phase on the upper wall region of the centrifuge tube and improves fidelity of the DS separation.
Post-centrifugation, 1500 pL was removed as the supernatant phase, and 100 pL was retained as the pellet phase;
the actual observed pellet volume was estimated as = (80 to 85) ulL for most cascade steps; a greater extraction
fidelity is not practical at this volume scale of operation. Pellet phases were recovered by dilution and agitation
with fresh solvent. At each stage, the resulting supernatant and pellet samples from all replicates were combined

before sampling of aliquots for characterization and redistribution into new centrifuge tubes for additional DS



steps. Additional fresh solvent was added to account for the volume removed in sampling for AUC and other
measurements.

Analytical ultracentrifugation (AUC) was conducted in a Beckman-Coulter XL-I analytical ultracentrifuge
with an An-50 Ti rotor and 12 mm optical pathlength aluminum cells with sapphire windows and custom cut poly-
tetrafluoroethylene (PTFE) gaskets. PTFE gaskets (between the centerpiece and windows) provide broad chemical
compatibility (avoiding solvent swelling of the gaskets and leakage) for many non-aqueous fluids including ethyl
lactate. For all measurements, the rotor temperature was set to 20.0 °C, validated within the instrument accuracy
specification of + 0.5 °C by external calibration,[30] and samples were equilibrated in the instrument for a
minimum of 1.5 h before starting experiments. Different rotation rates were applied depending on the sample to
optimize data collection for the primary components (daughter fractions) or to enable reasonable sampling of the
entire population (parent distribution). For the parent dispersion, rates of 850 rad/s (8 kRPM) and 2100 rad/s (20
kRPM) were used in different experiments to ensure observation of both the slowest and fastest components.
Daughter fractions expected to contain larger particles, e.g., P1 — P4, were measured at rates as slow as 315 rad/s
(3 kRPM). For daughter fractions expected to contain smaller particles, rotation rates up to 1810 rad/s (17.3
kRPM) were applied to fully and distinctly sediment all dispersed particles. Gravitational sweep methods could
also have been used,[31] however, daughter distributions are well-observed at the fixed rotation rates. Radial
absorbance scans were measured at 304 nm, with different dilution factors of neat solvent applied to each sample
to target an initial absorbance of = 0.8 across the 12 mm cell. For the parent dispersion, the dilution factor was
2000:1, with the large polydispersity resulting in significant noise in the distribution due to the dilution of the total
signal. The typical sample and reference volumes in each cell were = 400 pL.

Analysis of the recorded radial absorbance profiles as a function of time was conducted using the
numerical fitting software SEDFIT v. 16.1c.[32, 33] Sedimentation was fit for most samples using the Is-g*(s) model
due to observed fast sedimentation rates, which implied minimal contributions from diffusion in the concentration
profiles. The c(s) model, which includes contributions from diffusion in the data fit, was applied in parallel for
those fractions containing the smallest particles but was not found to significantly affect the fit and thus are not
reported here. Typical parameters for the Is-g*(s) model were an s-value range of (1 to 5000) sv (sv = 1*107 s)
linearly discretized with 501 values, and a regularization of 0.95, although these parameters were adjusted for
different fractions to account for the shift in the observed distributions. The meniscus and noise were fit for each
experiment and agreed well with the apparent positions in the data.

Scanning electron microscopy (SEM) and atomic force microscopy (AFM) were conducted on diluted and
dried aliquots of parent dispersion and daughter fractions. Silicon wafers were cleaned and then placed in an

ultraviolet (UV) - ozone cleaner for 20 min. The wafer was placed on a hot plate at 110 °C, and 1 pL of a 1:10



dilution in ethanol of the stock solution was deposited onto the heated wafer. SEM analysis was performed using
an in-lens detector on a Zeiss Gemini scanning electron microscope at 5 keV. SEM particle size analysis was
completed by measuring the longest dimension in Imagel on a calibrated image. AFM Analysis was conducted
using a Cypher (Asylum Research, USA) instrument operated in amplitude modulated intermittent contact mode
(i.e., tapping mode). For each dispersion 5 scans with 20 um x 20 um scan area were performed. Images were
acquired in a net repulsive force regime, with 1024x1024 pixels (i.e., = 20 nm pixel size) and a 0.1 Hz imaging rate.
The slow imaging rate and high pixel resolution ensure well resolved topographic characterization of the individual
particles. Particle analysis was carried out by adapting a recent method under consideration by Versailles Project
on Advanced Materials and Standards (VAMAS) for characterizing the distribution of lateral sizes and thickness of
few-layer graphene and related 2D materials.[34] Briefly, after identifying a particle of interest, the long and short
axis dimensions are measured at the base and top plane of the particle to determine length and width lateral
dimensions. Thickness is measured along the fast scan axis of the AFM at three locations per particle. Approximate
particle volumes were calculated as the product of the determined particle length, width, and thickness.
Measurements were continued until 20 suitable particles were characterized per dispersion (except for P3PS
where 16 suitable particles were found in the datasets). Discriminating primary particles from agglomerates and
dispersant clusters was particularly challenging. To aid in identification, AFM height, phase and amplitude error
were used simultaneously to identify graphene. Typically, graphene exhibited minimal phase contrast compared
to substrate, whereas the dispersant showed a much lower phase than the substrate. For comparison purposes,
a separate automated particle analysis methodology was also performed using tools provided in the AFM’s native
software suite. Automatic analysis was performed with a 5 nm height threshold for identifying particle perimeters

from the surface.

Results and Discussion

Dispersed 2D nanomaterials are of particular interest for fractionation technologies, as equipartition of
energy[14] in any dispersion process leads to significant polydispersity in such dispersions, and factors such as the
lateral sheet size and aspect ratio affect the suitability of the materials for applications. For the graphene
dispersion used in this contribution SEM images shown in Figures 1A and 1B display objects varying in size by at
least 40-fold in areal projection. AUC data and the best fit sedimentation coefficient distribution (Figure 1C)

display a similar range of particle variation.
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Figure 1. Characterization of the graphene parent dispersion in ethyl lactate. A, B. SEM images of a dropcast
aliquot of the parent dispersion demonstrating a wide range of particle sizes with both extended and compact
lateral shapes. Scale barin Ais 2 um; the scale bar in B is 400 nm. C. Best fit sedimentation coefficient distribution
to the observed concentration distributions in the AUC experiment for the parent dispersion. The inset shows
selected radial absorbance profiles (304 nm) at 9-minute increments (every 3™ scan) from a representative AUC
measurement of the parent sample at 838 rad/s (8 kRPM) at 20.0 °C in ethyl lactate solvent. The stretched
concentration boundary in the inset and the broad distribution of the sedimentation coefficients are consistent
with the expected presence of significant variation in dispersed graphene sizes, layer numbers, and flake shapes.

In ideal sedimentation, the sedimentation rate per applied acceleration, defined as the sedimentation

coefficient, s, can be described by the Svedberg equation.[23, 24]

— Vparticle (Pparticle_psolvent) — Vparticle (Pparticle_psolvent) (1)

s
f émuaxf/fo

In Equation 1, Vpariicle is the particle volume, pparicie and psoivent are the particle and solvent densities, and f is the
friction coefficient. For simplification, the friction coefficient is typically specified by the shape-dependent
reduced friction coefficient, f/fo, with fo=6zua, in which zis the solvent viscosity, and a is the radius of a sphere
of equivalent mass and density. For a platelet geometry, f/fo increases for decreasing height to diameter (h/d)
ratios from a value of 1 for an ideal sphere without hydration to = 5 for a 2D plate with h/d =0.001.[25] Since the
range of observed s is much greater than this variation, it is clear that the parent distribution in this work contains
a wide variety of particle thicknesses, lateral sizes, and aspect ratios, as expected for a population generated by
ultrasonication.

Previously, Walter et al.[25] reported the development of density and hydrodynamic parameters for
graphene oxide nanoplatelets in an aqueous dispersion. As a related material and given similar sedimentation

rates and signal concentrations, we analyze our ethyl cellulose dispersed graphene in ethyl lactate using similar
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tools and assuming ideal sedimentation.[35] Followingly, we assume that the measured extinction signal is solely
absorbance based, particle crumpling is minor, and particle rotation is sufficient for the friction coefficient to be
independent of sedimentation rate.[25, 36] Purely for demonstrational conversion to number distributions, we
assume a representational particle density (including dispersant) of 1500 kg/m® and an average hydrodynamic
thickness of the 2D sheets of 8 nm; direct evaluation of these parameters (which are distributions in this sample)
is beyond the scope of this contribution but potential methods for calibration are discussed later. As in Walter et
al.[25] the assighment of measured extinction entirely to absorbance matched well with experimental
observations, especially since as-measured populations were dilute and negligible multiple scattering was
anticipated. Calculated assignment of some signal to scattering would imply lower number concentrations of high
s-value particles due to their presumably larger size. Importantly, precise calibration of s-value to size and shape
are not needed for the direct utilization of AUC for the rapid evaluation of DS or other processing-separated
populations.[37]

Although DS cascade methods are the focus of this contribution, several different types of centrifugation
methods can be considered to reduce the polydispersity of a nanomaterial dispersion.[38] These alternatively
include rate-zonal methods[39-41] in which the nanomaterial races through an initially particle free medium, and
density gradient ultracentrifugation methods[42-45] in which the individual particles are driven to positions of
equal buoyancy in a spatial gradient with very strong applied acceleration. Since DS methods are capable of
greater mass throughput while avoiding the costs of density gradient media and more sophisticated centrifuges,
they are broadly utilized for lab-scale separations. The simplest DS method that collects both the pelleted and
supernatant materials as daughter fractions is shown schematically in Figure 2. In this simple cascade, an aliquot
of dispersion is centrifuged for a period of time at a set acceleration to split the dispersed mass between a pellet
phase of sedimented particles and a supernatant containing all the particles not reaching the pellet. The
supernatant is then extracted to a liquid level just shy of entraining the pellet mass, generating two separated
fractions, P; and S;for the i" pellet and supernatant phase, respectively. For non-aggregating particles, the pellet
can be redispersed via agitation with fresh solvent, and either the supernatant or pellet fraction subjected to an

i + 1 DS step.
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Figure 2. Schematic of a typical DS centrifugation cascade. At each step (step i), an initially uniform dispersion is
centrifuged with the goal of selectively partitioning particles with greater sedimentation coefficients into a pellet
phase that can then be physically separated. In a multistage process, the collected supernatant is diluted and
then centrifuged at a greater acceleration (step i+1) to fractionate progressively more slowly sedimenting
components.

The AUC results of such a simple serial DS cascade for the graphene dispersion of Figure 1 are shown in
Figure 3A. After seven stages of a DS cascade, increasing the applied acceleration by a factor of approximately
two (steps 1 through 4) and then = 1.5 (steps 5 through 7) per step (excepting the final step, at which the maximum
acceleration was applied), the initial, broadly decaying, sedimentation coefficient distribution is clearly
fractionated into seven well-differentiated populations with distinct and progressively shifting maxima.
Furthermore, the values of the distribution maxima scale closely with the increases in the applied acceleration, as
shown in Figure 3B, demonstrating the selection power of even a simple DS cascade. A re-scaled version of Figure
3 designed to report the relative concentrations of the fractions to each other is provided in the Sl as Figure S2. It
is important to note that the exact distributions fractionated into the supernatant and pellet will depend on
particle and solvent properties (e.g., densities and viscosities) and the rotor and centrifuge tube geometries and
k-factors;[22] however, the distributions measured below reflect a commonly accessible rotor and tube geometry
and thus are instructive of the relative fractionations that can be accomplished.

Addressing the use of AUC to measure such distributions, an increased measurement precision of
daughter fractions is immediately noticeable due to the reduction in noise in the plotted distributions compared
to the parent sample. While the smoothness of the curves is affected by the regularization applied in data analysis,
the relative comparison to the parent distribution is still valid, and the improvement can be predominantly
attributed to the concentration of the measured signal into narrowed sedimentation coefficient ranges. This
increased precision allows observation of distribution tails, in particular to the lesser sedimentation coefficient
range, that overlap for all the daughter populations. If coarser separations or an even more polydisperse parent
sample were under investigation, the use of a gravitational sweep AUC methodology[31] could provide such
details as well, but most likely at a lesser resolution than the methodology used here.

In comparison to other techniques, the distributions in Figure 3A were determined from numerical fits to
the time-dependent radial absorbance profiles, and are thus closely reflective of particle mass distributions, rather
than number distributions directly determined via counting methods. Using the mass-scaling for spherical
particles as an example, in the presence of perfectly accurate particle counting, an equal mass of s =100 svand s
=500 sv (sv = 1*101 s) particles would reflect an approximately 12-fold difference in number concentration,

potentially obscuring the primary shifts in the distribution.
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Figure 3. A. Scaled sedimentation coefficient distributions for P; DS cascade samples as analyzed with the Is-g*(s)
model. The separation cascade successfully fractionates daughter populations with significantly different average
and peak values. Distribution tails, in particular to lesser sedimentation coefficient values, are expected due to
the geometry and restrictions for practical extraction of fractions in the separation (see text). B. Peak
sedimentation coefficient (points) and contour plot distributions for each P; fraction as a function of the applied
acceleration at the maximum radius. Contours show the width of the distribution to half of the maximum value.
The scaling of the achieved separation is less than the slope of -1 on the log-log scale expected for ideal centrifugal
separations due to the differential separation setup and centrifuge tube geometry.

Using AUC as a primary characterization method, we now address the question as to whether nominal
modifications of the DS cascade can be utilized to achieve narrowed sedimentation coefficient distributions.
Three of the primary sources of polydispersity in a DS separated population are: 1) the undesired sedimentation
of lesser s-value components that happen to reside nearer the outer radius due to the uniform initial spatial
distribution; 2) the undesired retention in an ancestor supernatant phase of greater s-value components due to
wall effects; and 3) collection inefficiency in separating the pellet and supernatant. The magnitude of the first two
factors will depend significantly on the geometry of the DS centrifugation, and the third on the precision of the
fractionation. In Figure 3A, the presence of lesser s-value tails is due to effects one and three. Fortunately, the

effects of these sources of polydispersity propagation can also be sequentially addressed by the addition of a DS

step. A schematic for the addition of such steps into a DS cascade is shown in Figure 4. To reduce the presence
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of lesser s-value components, a second DS fractionation replicating the DS step that produced the pellet fraction
is conducted after dilution and redispersion of the pellet phase to its original volume. This step, labelled with the
number 2 in Figure 4, should reduce the fraction of lesser s-value components that reach the pellet by at least the
dilution factor of the pellet, whereas the large majority of targeted components near the distribution maxima will
continue to reach the pellet as, by inference from the first stage separation, they previously did so. Reduction in
the absolute total concentration of particles during the repeat step will also typically reduce effects from non-
ideal sedimentation phenomenon including both kinetic (flow entrainment) and thermodynamic (interparticle
interaction) sources.[24, 46] Such effects might be more prevalent in 2D material systems due to the extended
nature of the particles, but dilution is not necessarily a panacea for all particle and solvent systems, and care
should be observed for separations in highly charged systems, or systems with low ionic strength media.[23]
Although not an issue for the particle, solvent, and dispersant system used in this contribution, when applying
differential sedimentation to samples with lesser stability to aggregation or readily displaced dispersant, addition
of more dispersant or energy may also be necessary with dilution of the pellet to avoid formation and

measurement of aggregates.
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Figure 4. Example of a revised DS cascade design incorporating additional centrifugation steps to narrow the

sedimentation coefficient distributions of the i fraction. The repeated centrifugation step (2) is intended to
reduce in PP the population of lesser sedimentation coefficient particles in pellet P; the lower speed
centrifugation (3) of PP is intended to remove those particles with the greatest sedimentation coefficients,
typically present due to non-ideality in fractionation of i-1 step populations. Analysis by AUC occurs at the steps
highlighted by the dashed (red) boxes.

The results of including a repeated centrifugation step, as shown schematically in Figure 4, on the AUC-
determined sedimentation coefficient distributions are reported in Figure 5. The immediate and obvious

observation in the comparison of Figure 3 and Figure 5 is the dramatic reduction in observation of lesser s-value
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components in every PiP sample. Such a reduction is particularly important for DS fractionations designed to
reduce particle number-based size distribution widths as a quadratic (2D plate) or cubic (sphere) dependency on
the increase in number of particles for a fixed mass with decreasing particle size can readily convert lesser s-value
absorbance tails to dominant particle number peaks. Greater s-value tails are suppressed in particle number
distributions for the same reason. An example of converting the absorbance-weighted distributions of Figure 3A

to number-weighted distribution is shown in the Sl in Figure S3.
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Figure 5. A. Scaled sedimentation coefficient distributions for PiP DS cascade samples as analyzed with the Is-g*(s)
model. The addition of the repeat step is observed to significantly reduce the concentration of slowly sedimenting
particles (small s-values) compared to the single DS cascade (Figure 3). B. Peak sedimentation coefficient (points)
and contour plot distributions for each PP fraction as a function of the applied acceleration at the maximum
radius. White dashes show the width at half the max value. The scaling of the achieved separation is significantly
closer to a slope of -1 than the P; samples.

The reduction in the sedimentation coefficient distribution width for PiP samples as measured by AUC in
situ is direct and clear. Such distributions can be evaluated qualitatively and quantitatively directly as the solution
and measurement conditions can be held consistent for all the samples, and without uncertainty induced by

inherently distinct process steps such as deposition. Performing a least-squares fit through the peak values of
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fractions P1 — P6 and P1P — P6P in Figures 3B and 5B, the best fit scaling slopes are for the acceleration to the
power of -0.686 and -0.735, respectively, indicating an overall improvement in the apparent ideality of the
achieved separation. While the reduction in distribution width from addition of a second step is impressive, such
distributions still may not be as narrow as desired for intrinsic material characterization. With regards to DS
process development, targeting a yet narrower distribution could be achieved by either reducing the acceleration
applied in the second step, nominally fractionating a greater percentage of lesser s-value components to the
supernatant at the cost of mass throughput, or addition of a third (overall) DS step. For demonstration purposes,
we choose the latter option and perform an additional DS centrifugation at a reduced applied acceleration and
collecting the supernatant as the desired fraction. By applying a DS step at reduced acceleration, selective
fractionation of greater s-value particles to the pellet should be achieved, narrowing the distribution remaining in
the targeted supernatant. For simplicity, we chose a reduced acceleration equal to that of the i-1 step in the initial
DS cascade. Quantifying the narrowing of the (signal-weighted) distribution, the full width at half maximum
(FWHM) values are decreased on average by 18 % from a single DS step separation. A more useful metric for
specifying properties, however, could be the fractional absorbance contributed by species with an s-value within
a factor of two of the peak; this metric on average increases by 14 % with multistage centrifugation. These metrics
are reported in Table 1 and were directly calculated from the determined sedimentation coefficient distributions.
A graphical comparison is presented in the S| as Figure S5. For the reasons noted above, conversion of signal
(absorbance) weighted distributions to number distributions using a geometric model would likely amplify the
narrowing of the distributions due to the scaling of particle number and mass with particle size.

A graphical comparison of the effect of including the second additional DS step (step 3 in Figure 4) for a
representative fraction, P4 — P4P — P4PS, is shown in Figure 6A. Figure 6B shows the comparison of the peak
values and concentration contours similar to Figures 3B and 5B for the PiPS fractions. Due to the preferential
removal of the fastest sedimenting material, PiPS distributions are narrower than PiP distributions. The slope of
the center populations (scaling by the PP acceleration) approaches the anticipated ideal scaling. Sedimentation
coefficient distributions for the remaining PiPS fractions are presented in the SI. A comparison between c(s) and
Is-g*(s) model analysis of the AUC data for fraction P6PS, showing negligible difference in the determined s-value

distributions, is also provided in the Sl as Figure S6.
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Figure 6. A. Scaled sedimentation coefficient distributions for P4 (dot-dash), P4P (dash) and P4PS (solid line)
fractions from an example DS cascade as measured by AUC and analyzed with the Is-g*(s) model. The reduced
acceleration DS step was conducted at the acceleration used to originally fractionate P3. When presented for a
single i*" fraction, the effect of the additional centrifugation steps on the width of the population distribution due
to the removal of both small and large s-value components is clear. B. Peak sedimentation coefficient (points) and
contour plot distributions for each P;PS fraction as a function of the applied acceleration for PiP at the maximum
radius. White dashes show the width at half the max value. The scaling slope of the achieved separation = -0.8,
close to the ideal slope of -1, for P1PS — P6PS.

Table 1: Metrics for distributions as a function of DS step

FWHM / s(Cmax) Fraction of abs. within % s(Cmax) < s < 2 s(Cmax)
Step # P; PP P;PS P; PP P;PS

1 1852 £ 57 1760 £ 57 1653 +42 .566 £ .015 722 + 011 .757 £.007
2 1285 £ 42 1352 +42 1199 + 28 .642 + .015 .695 +.013 .666 £.010
3 83035 1216 £ 35 762 £ 42 .613 +.020 477 +£.013 .634 +.018
4 419+ 14 619 + 28 359+11 .713 + .012 .616 + .017 .742 +.008
5 2407 382 +14 187 +6 .760 = .008 .599 + .014 .820 £ .005
6 149+ 3 173+6 102 +3 .784 + .004 .873 +.005 .923 +£.002
7 204 +4 141+£3 138+3 .736 +.008 .921 +.003 .938 +.002

a. Uncertainty in FWHM is estimated as the square root of two bin widths used in the numerical fitting of the

sedimentation coefficient distribution.

b. Uncertainty estimated from the standard deviation of values comprising all combinations of + 1 bin on both

sides of the fit distribution.




Although the comparison of sedimentation coefficient distributions, and conversions to absolute sizes via
known material properties should be sufficient for many implementations, precise characterization of the particle
size and aspect ratio distributions from the AUC data may still require surface deposition and direct particle
imaging methods to specifically tailor the conversion calculations. Multiple factors contribute to the
sedimentation coefficient of a 2D material particle,[25] and the combination of factors that result in a specific s-
value can be non-unique. Evaluating the buoyant density distribution (but without solvent contributions) of the
particles with AUC[47, 48] is one potential manner to address this issue, as it yields data for deconvolving density
and shape effects, but could not be applied here due to the unavailability of fully deuterated ethyl lactate from a
commercial source. Most likely such an experiment would enable observation of layer number variation, which is
expected to impact the effective density through the differences in contributions of dispersant and particle
density, more than observation of a distribution of particle friction coefficients, as can be achieved for less
polydisperse nanomaterials.[47, 48] Separately, spectroscopic methods have been advanced[49-51] based on the
size and layer dependent properties to characterize dispersed separated materials, and depending on the 2D

material these may provide an alternative reference for calibrating separated dispersion.

Figure 7. A-D. Representative AFM maps of particles observed after deposition from fractions P2PS and P7PS at
two different field of view scales. The height images resolve particles showing clear differences in particle size
and concentration. E-F. Phase maps indicate mechanical and chemical differences in surface that can be used to
differentiate graphene particles from dispersants and dispersant aggregates.
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For comparison in this effort we report representative scans, observed log volume distributions, and
particle thickness versus lateral size scatterplots as determined via AFM for selected fractions in Figure 7 and
Figure 8. Figures 7A and 7C show representative scans of the P2PS and P7PS dispersions (scans for additional
dispersions in Sl). Clear differences in particle size and concentration are apparent between the images, with
obviously decreasing particle size upon increased parent sedimentation. Figure 7B shows a zoomed region of the
P2PS dispersion, highlighting an aggregated particle that did not meet the subjective criteria for statistical
inclusion. Figure 7D shows a zoomed region of the P7PS dispersion. The smaller particles in the later cascades
present a particular challenge for microscopy-based characterization because their dimensions are similar to or
approach those of released dispersants or other contaminants present. Some discrimination is possible through
the AFM measurement phase channel, which is proportional to the ratio of dissipated and stored energy in the
tip sample interaction (akin to loss tangent); this data is shown in Figure 7E and Figure 7F. For quantification of
distributions, the mechanical contrast from the phase channel was used to differentiate dispersant (lower phase
than substrate) from graphene (similar phase as substrate), even for features otherwise similar in dimension.
Figure 8A reports the particle thickness versus mean lateral dimension for each of the daughter fractions as
determined through the manual particle measurement method. The plot shows distinct populations based on
particle geometry from the DS fractionation. Figure 8B reports the particle volume distributions of the same
measured particles from the DS daughter dispersions. The analysis finds that the mean particle volume reduces
by approximately 1 order of magnitude from P1PS to P7PS, consistent with the reduction in sedimentation
coefficient for the same dispersions from AUC in Figure 6B. As expected from the physics of sedimentation,
selection of particles into specific fractions occurs through a combination of thickness and lateral dimension.
Higher order interpretations considering particle aspect ratio are also possible from the raw data. The variation
in the populations generally tightened at later steps in the cascade as well, likely from a combination of selective

removal in earlier steps, and in the number of steps at which outlier particles had the possibility of being diverted.

17



100

A . -
€ m AL ¥ u
5 .. [ ] - A . u
ﬁ "A'.‘. - l' ]
£10; "’ AL . s
= a0 W .
= :‘}t’w v
P rrs W@ rP2rs BA Firs
M v rirs W@ PsPs a PEPS
n P7PS
0 200 400 600 800 1000
Lateral Size (nm)
304 B 6.5(;,g
| E
') 60 w
i §
o ©
= 0.21 =
E + 5572
; |> 8
| 50
0.0
45 50 55 60 65 7.0 2 4 6

Log Volume (nnt) Step #

Figure 8. A. Scatterplot of particle height versus lateral dimension measurements from individual deposited
particles in P;PS daughter fractions. Note that the legend is consistent across both panels. B. Statistical comparison
of observed log volume of identified graphene particle size frequency for P;PS fractions. In the left side the data
points in panel A are reported as a histogram of the observed log volume for each P;PS fraction. Although changes
in the volume distribution are readily observed, the nominal overlap and coarse binning of the distributions
required with small particle counts significantly reduce the feedback efficiency if the data is used for DS cascade
modification and optimization relative to the use of AUC. The right-hand panel plots the mean values and
distribution widths for each fraction for a gaussian fit (of log volume) to the histogram data; these decrease
with each DS processing step.

Comparing the AFM and AUC, clear differences are observed in the subjectivity and effort required to
analyze distributed populations coming from a complex solution environment. The AFM results required
considerable user time and subjective interpretation to achieve meaningful statistical analysis. AUC analysis in
contrast required limited assumptions, specifically that sedimentation was dominant over diffusion for these
samples (see Figure S6), and that the dilution to a similar dilute absorbance for measurement of each fraction was
sufficient for non-ideality effects to be minimal (tested). Although AFM software often provides automated
particle analysis as a built-in feature, for application to the graphene dispersion of this work such tools were only

found to poorly characterize the primary particles as distinguished from deposition artifacts or dispersant particle.
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Sl Figure S9 provides a comparison of the results of manual and automated analysis on the P2PS dispersion and
P6PS dispersions. In this comparison the automated analysis was selecting particles based on height thresholding
and other geometric criteria. However, because the automated method only considers a single channel (i.e.,
height), it is not simultaneously combining height and phase information to improve confidence in identifying real
graphene particles from artifacts such as dispersant clusters. Similarly, the automated analysis had only limited
means for excluding aggregate particles, which appear to be deposition artifacts as the separation selectivity and
AUC results both imply that they were unlikely to have existed while still in liquid dispersion. A test for solution
aggregation could include addition of sonication after the centrifugation steps to disassociate any loosely bound
aggregates, but with a hazard that the high energy input could conceivably fracture real larger particles. It is
important to note that while such challenges may not be present when operating with pristine samples without
dispersants, or can be overcome through heroic efforts, neither case is feasible for the tuning of multiple
parameters in a multistep process, e.g., engineering a DS cascade, or possible with all complex sample
environments. Resultingly, the automated analysis is found to report un-physically broad distributions that include
both small side tails, dominated by incorrect counting of small dispersant particles, and upper tails dominated by

counting of aggregates.

Conclusions

Analytical ultracentrifugation is demonstrated to precisely measure the achieved fractionation of 2D
graphene dispersions separated by differential sedimentation. Moreover, the effects of a multiple DS step
cascade were shown to be quantitatively compared both across a cascade and in refinement of separated
populations, providing a methodology to rapidly compare and iterate processing schema. These comparisons
include contributions from tails of distributions that can be observed because of the separating and measuring
nature of the AUC method and the number of particles effectively sampled in the measurement volume.
Comparative results from AFM measurements were in good qualitative agreement with the AUC results. However,
artifacts generated by deposition are particularly difficult for AFM measurements on 2D material systems with
robust dispersants or unusual solvents, such as the one used here, and quantitative attribution of s-values to
particular sizes and shapes of particles was not feasible. In the future, using well-defined materials, quantitative
determination of populations from sedimentation coefficients across a broad range of particle lateral sizes, aspect
ratios, and thickness distributions may be directly possible through hydrodynamic and force balance relations. In
comparison, the effects of the solvent and dispersant choice were minimized in the AUC data due to the significant
dilution before measurement and tailorable nature of the observed sedimentation coefficient range in

measurement. The flexible liquid-phase format of AUC should be broadly applicable for analysis of other 2D
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nanomaterial dispersions in complex dispersions and to the characterization and engineering of other

fractionation methods[40, 52, 53] beyond DS cascades.
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Analytical ultracentrifugation (AUC) is used to characterize graphene dispersions fractionated by
differential sedimentation (DS). AUC enables characterization of daughter fractions in native, and
complex, solution environments, avoiding artifacts common to surface analysis methods, and herein
allowing demonstration of improved separations by simple modifications to the DS cascade. AUC
characterization could be particularly useful for dispersions with dispersants or from which solutes
cannot be removed.
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